Abstract-A planar elliptic broadband antenna with reconfigurable dual stop-bands performance was successfully designed and performed for multi-standard wireless communication systems. The proposed antenna consists of a broadband micro-strip fed printed monopole operating in the frequency range 0.75-6 GHz. The notch-band characteristic was obtained by printing two Open Loop Resonators (OLRs) on the front side of the substrate close to the micro-strip feed-line. By adjusting the OLRs parameters, mono or dual band-rejection can be obtained. The passive broadband antenna was optimized to achieve narrow band rejection over the UMTS-band (around 2.1 GHz) and the WiMAX-band (around 3.5 GHz). The agility was produced by loading a varactor diode on each OLR. The major advantages of this structure are the high selectivity of the dismissed-bands, continuous reconfiguration and wide tuning range of the notched bands. Four prototypes were realized and experimentally characterized. The measured tuning ranges corresponding to the notched bands are about 850 MHz (2.25-3.1 GHz) for the rejected UMTS-band and 570 MHz (3.84-4.41 GHz) for the WiMAX-band. Simulated and measured results are presented and discussed.
INTRODUCTION
In recent years, wideband technology has been extensively investigated for wireless communication devices, and several applications were developed in which Wideband/Ultra Wideband (UWB) printed antennas were used due to their interesting properties as wide bandwidth, stable gain and radiation patterns in addition to their low cost and ease of fabrication and integration in PCB cards.
Despite these advantages, one main problem with this technology is the common use of wide frequency band by many wireless applications such as GSM, ISM, LTE, UMTS, WiFi, WLAN and WiMAX. This leads to a heavy congestion of the wireless spectrum, and the possibility of interferences and distortion of the transmitted electromagnetic signals.
However, the use of wideband antennas with notched-band characteristic may be a good alternative to avoid these constraints. In addition, by tuning the notched-bands, the developed antenna becomes a frequency reconfigurable structure which is more dynamic, flexible and suitable for several wireless applications. Actually, this intelligent solution has received a growing interest due to the increasing demand of multi-standards and smart antennas. In the literature, the frequency agility is typically provided by scaling the antenna dimensions electrically using several switching technologies such as PIN diodes, MEMS (Micro-Electro-Mechanical-Systems) switches and varactor diodes [4] [5] [6] [7] [8] [9] .
At the beginning, several rejected-band antennas were designed and successfully implemented, and parasitic elements and slots were used to realize mono/dual band-rejected compact and planar antennas [1] [2] [3] . Next, the frequency reconfigurability was obtained by adding switches with different types [10] [11] [12] [13] [14] [15] [16] [17] . For example, a reconfigurable stopband Vivaldi UWB antenna was realized by using two varactor diodes, but the notched-band was wide, and to narrow it, additional varactors and inductors were used which make the antenna structure more complex [10] . In [13] , we have proposed a mono-band rejected broadband planar antenna with a wide tuning range of the discarded band by using only one varactor diode.
It is noteworthy that designing reconfigurable multi-notched bands antennas requires many switches which may increase the number of RF switches and then the complexity of the bias network. Consequently, the experimental characterization of an antenna with many switches will be a difficult task to be realized, which may explain for example the use of strips in [17] instead of the three PIN diodes required to achieve the frequency agility of a dual band-notched slot antenna.
In this perspective, a novel monopole broadband antenna with reconfigurable rejected dual-bands property is designed and presented in this paper. The major benefits of the proposed structure are the extremely selective and wide range tuning of notched bands. First, a planar elliptic broadband antenna was optimized and realized. Then two open loop resonators (OLRs) were printed on both edge sides of the micro-strip feed-line to discard two narrow bands. The targeted bands were the UMTS (2.1 GHz) and the WiMAX-bands (3.5 GHz). The frequency reconfigurable characteristic is obtained due to the integration of a varactor diode on each OLR element. The bias network related to the two varactor diodes is highly complex in practice. That's why only the two reconfigurable mono-rejected broadband antennas with single varactor were successfully designed and experimentally characterized to prove the concept, and to demonstrate that by electronically controlling each OLR, a local mismatch will be created without disturbing the antenna radiation. The reconfigurable rejected dual-bands antenna was only simulated.
ANTENNA DESIGN
The design procedure of the proposed antenna is realized in many steps. First, an elliptic-shaped patch (with major diameter a = λ eff /4 at lower frequency and minor diameter b) and a feed-line (L f × W f ) were printed on the top layer of a Duroid substrate of length L = 180 mm, width = 160 mm, thickness h = 0.8 mm and permittivity ε r = 2.2 ( Fig. 1(a) ). Then, a rectangular-slot (L R × W R ) connected to a strip-slot (L s × W s ) was added to the elliptic-patch in order to improve the lower wideband frequency ( Fig. 1(a) ). Next, a partial ground plane (L g × W ) was printed on the bottom side of the substrate ( Fig. 1(b) ). The main design parameters of the antenna were optimized for a good input impedance matching over the band 0.75-6 GHz (see Table 1 ).
To reach the band-rejection characteristic, two OLRs of dimensions L L × W L , width e, gap W 1 and coupling distance d (from the feed-line) were added successively to the broadband antenna (A 1 ). 
Three configurations (see Fig. 2 ) were studied by considering one OLR or two OLRs. When the ORL element is placed on the left of the feed-line (antenna A 2 ) or on the right (antenna A 3 ), we obtain a mono-band rejection, whereas when both elements are considered, a dual-band rejection is obtained. The mismatch created by integration of the OLRs is local and does not affect the antenna behaviour outside the notched bands. Besides, there is no correlation between the two OLRs behaviours; each resonator control one notched band independently on the other. The resonators were optimized in order to omit two narrow bands; the UMTS-band around 2.1 GHz and the WiMAX band around 3.5 GHz. Depending on the parasitic elements (OLRs) dimensions and the coupling distance, the first band was eliminated by the left integrated OLR, whereas the second one was eliminated due to the right OLR. The optimized design parameters of the studied antennas are resumed in Table 1 . Finally, two SKYWORKS SMV1405 varactor diodes were loaded in the OLRs as shown in Fig. 2 for an electronically control and continuously tuning of the rejected bands over the wideband frequency.
RESULTS AND DISCUSSION

Simulations
The performances of the printed elliptic antennas including the rejected-band properties and the reconfigurable characteristics were investigated by using the electromagnetic simulator HFSS v13.
As can be seen from Fig. 3 , antenna A 1 is able to achieve a wideband impedance matching (|S 11 | < −10 dB) from 0.56 to 6 GHz. Return losses of the basic antenna A 1 with and without the rectangular slot are presented in order to prove the slot's effects. In fact, addition of the slot into the elliptic-shaped patch shifts the lower operating frequency by 440 MHz. The current path follows the shape of the slot as it can be remarked from Fig. 4 , thus increasing the electric length of the patch and leading to better impedance matching at lower frequencies without increasing the physical dimensions. The simulated return losses of the basic structure A 1 , single rejected-band antennas A 2 and A 3 and dual rejected-bands antenna A 4 are depicted in Fig. 5(a) . The rejection mechanism relies on the integration of parasitic OLRs on both sides of the micro-strip feed-line. Return losses of antennas A 2 and A 3 prove that each OLR is able to control one narrow notched band; it affects just the targeted frequencies of the UMTS-(for A 2 ) or the WiMAX-band (for A 3 ). When the two OLRs are printed (antenna A 4 ), both UMTS-and WiMAX-bands are omitted. The behaviour of antennas A 2 , A 3 and A 4 still unaltered outside targeted bands.
In fact, addition of the rectangular-shaped OLR element close to the micro-strip feeding line creates a magnetic coupling between the resonator and the feed-line, which causes a total reflection of the injected power at one selected frequency F 0 .
This notched frequency depends on the dimensions L L and W L of the OLR resonator as well as the coupling distance d, separating it from the feed-line.
At this frequency, the resonant current path
in the OLR element corresponds to a half-wave length (λ eff /2). λ eff is the effective wavelength in the heterogeneous medium.
Then, the rejected frequency can be approximated by:
where c is the velocity of light in free space, and ε eff the effective permittivity of the substrate. A stop-band behavior appears around the resonant frequency of the OLR due to the negative magnetic permeability property of this structure, thus it acts as a band-stop filter while maintaining wideband performance from 0.56 to over 6 GHz.
In order to tune the notched-bands, we have loaded a varactor diode on each OLR element, which may change the effective length of the OLRs, and then its resonant frequency. The lumped element was modelled in simulations by considering a lumped capacitance C in series with a resistance R, where the different values of C and R were extracted from the data sheet of the components [18] .
For reasons of clarity, only return losses corresponding to few values of C are presented. Fig. 5(b) and Fig 5(c) show the return losses of reconfigurable single notched-band antennas A 2 and A 3 . The narrow notched bands shift to higher frequencies while the wideband behaviour of the antennas still maintained. Antenna A 2 presents a simulated tuning range for its dismissed band of 700 MHz while antenna A 3 can achieve 600 MHz. The return loss of the dual rejected-bands antenna A 4 seems to be a superposition of the two return losses corresponding to mono rejected-band antennas A 2 and A 3 . This demonstrates that by controlling the electric length of each OLR element via its related varactor, the corresponding dismissed band will be continuously tuned in an independent way without disturbing the antenna radiation. To better analyze the designed structures, we have studied the surface current distribution in antenna A 4 for C = 0.75 pF (V = 15 v) (see Fig. 6 ). At the matched frequency 2.65 GHz, the currents are concentrated in the feed-line, edge sides of the elliptic patch and ground plane. The monopole radiation is not disturbed by the presence of the parasitic OLRs, it operates as predicted over the band 0.56-6 GHz outside the two notched bands. At the lower rejected frequency 2.83 GHz, which corresponds to the resonant frequency of the left OLR, only this element radiates causing total reflection of the injected power as it was expected. At the resonant frequency of the second OLR, only the right parasitic element (OLR) is activated thereby depriving the rest of the antenna of the injected power which allows the creation of the second rejected band as already explained above. We have verified by analyzing the surface current distribution in the structure that current paths in the ORL (left or right) and the feed-line are out of phase, which means that the resonances provided by negative permeable OLR elements were converted into anti-resonances (as needed for band-notch). The antenna band-notch behavior is then due mainly to current cancelation phenomena.
Measurements
The planar wideband antenna A 1 , the two reconfigurable mono band-rejected antennas A 2 and A 3 and their related bias networks and antenna A 4 (without tuning circuit) were successfully prototyped as shown in Fig. 7 . Nevertheless, the integration of two varactor diodes on antenna A 4 is a hard task in practice because by increasing the number of varactors we increase also the complexity of the related bias network. For these reasons, only measurement results of antennas A 1 , A 2 , A 3 and A 4 (without varactor diodes) will be presented to prove the concept. Prototyped antennas were characterized by using the IETR Institute facilities. The return loss was measured by using the network analyzer Agilent N5230A over the frequency range 0.5-6 GHz. Measurements of gain and radiation patterns were carried out in the anechoic chamber "SATIMOStargate32".
Simulated and measured return losses of the reference antenna A 1 are shown in Fig. 8(a) where a slight frequency shift can be noticed. The measured input impedance bandwidth 0.76-6 GHz exhibits a small disturbance at lower frequencies; this phenomenon was also noticed in [19] . In fact, in simulations, the coaxial connector model was not quite faithful to reality. It was approximated to a rectangular wave port to facilitate the design of the antenna using HFSS. This leads to think that the observed mismatch at lower frequencies may be assigned to the effect of the coaxial-connector feed. When the two OLRs are loaded, a local mismatch is created at resonant frequency of each OLR, hence creating the discarded UMTS-and WiMAX-bands. Measurements agree well with simulated results. The measured return losses of antennas A 2 and A 3 are shown in Fig. 9 and Fig. 10 , respectively. The varactor capacitance values, their corresponding measured notched-frequencies and notched bandwidths for both antennas are listed in Table 3 . As it can be seen, the capacitance is inversely proportional to the applied reverse voltage. Therefore, as the capacitance value C decreases, reverse voltage increases and the narrow notched band shifts toward higher frequencies, and the wideband behavior of the antenna is maintained outside.
The monopoles can indeed preserve the reached wideband 0.75-6 GHz of the basic structure. For antenna A 2 , the achieved experimental tuning range of the dismissed band is from 2.4 to 3.1 GHz when a reverse voltage is applied on the varactor diode. This discarded band shifts to higher frequencies, whereas the application of a direct voltage (+0.5 V and +0.7 V) shifts the rejected band to lower frequencies and (Fig. 9) . The bandwidth related to the OLR alone is about 300 MHz; this value decreases when it is associated to the antenna as it can be concluded from Table 3 . Otherwise, a frequency agility of 570 MHz for antenna A 3 is also obtained (from 3.84 to 4.41 GHz). The measured return loss of the structure without varactor diode is presented as reference in Fig. 10 .
We note the presence of slight differences between simulated and measured omitted frequencies because of the small discrepancies between the real diodes and their models used in simulation.
The measured gain of antennas A 2 and A 3 for several values of the varactor diode capacitance C are presented in Fig. 11 . The assessment of the measured gain curves dealing with the frequency reconfigurable antennas shows a drop at the notched bands, a local mismatch is caused by the open loop. Actually, the gain decreases drastically at the vicinity of the loop's resonant frequency bands while preserving the same performances outside. The measured gain attests that a frequency notch reconfiguration is clearly achieved using the varactor diode. The significant gain drop for each capacitance value C is slightly different and can be deteriorated at higher frequencies (beyond C = 0.66 pF) especially for A 2 . Figures 12-14 exhibit measured radiation patterns of the wideband antenna A 1 , antenna A 4 (without varactors) and antennas A 2 and A 3 in both E-plane (yoz) and H-plane (xoz) at selected frequencies for C = 0.75 pF (15 V). A stable radiation pattern is almost achieved and is well maintained over the whole operating broadband 0.76-6 GHz. It can be concluded that the reconfigurable OLR elements eliminate the undesired bands without contributing to the antenna's radiation.
CONCLUSION
In this paper, a new broadband planar antenna, with frequency reconfigurable notched-bands, is designed for band rejection of the UMTS-(2.1 GHz) or/and the WiMAX-bands (3.5 GHz).
The electronic control of the discarded bands over the broadband frequencies was obtained by loading varactor diodes which permits to obtain the desired rejected-bands while maintaining good impedance matching and radiation properties outside. Two mono notched-band antennas with only one varactor diode were designed, simulated, realized and experimentally characterized, whereas the dual notched-band antenna was only simulated due to the complexity of the required bias network.
The developed active antenna with its selective and wide range tuning of notched bands, monopolelike patterns, stable radiation properties, and moderate gain may be a potential structure for wireless applications. Special thanks to Mr. Laurent DESCLOS from Ethertronics at San Diego US, for his help to finalize this work.
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